Two-dimensional gel electrophoresis (2-DE) technique is used as a performing technique to assess the variability of protein expression in crops, and especially soybean endogenous food allergens, which are a subset of proteins of interest for assessing whether genetically modified (GM) soybean has a different allergenic profile compared to its non-GM counterpart.
Introduction
2-DE is a technique for studying protein expression in biological systems such as crops. Several thousands of proteins can be visualized and quantified simultaneously, which allows comparisons under various experimental conditions [17] . For example, influence on protein expression of crop variety (genetic background), growing conditions (e.g. latitude, weather conditions, diseases, soil, exposure to sun) and/or maturity stage can be assessed [1, 18, 40, 42] . Among these proteins, endogenous allergens are a subset of proteins of interest for assessing the genetically modified (GM) crop safety. Evaluation of the level of endogenous allergens in GM soybean is one of the regulatory requirements before marketing them in order to insure they are safe for human consumption [13] . Indeed, one of the concerns involving GM soybean is the potential change in the levels of such endogenous allergens compared to those obtained with conventional breeding methods and subsequent enhancement in their sensitization or elicitation capacities.
The principle of the 2-DE is to separate proteins according to their isoelectric point in the first dimension and according to their molecular weight in the second dimension. Coupled with Coomassie blue staining and image analysis, 2-DE allows for the simultaneous detection and the relative quantification of several hundreds of individual proteins [35] .
Technically, 2-DE involves multiple experimental steps (e.g. protein extraction, isoelectric focusing (IEF), sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), gel staining, image acquisition and protein spot quantification), each step representing a potential source of technical variability. Today, the challenge for routine application of 2-DE is to standardize the technique and to ensure its reproducibility. Consequently, it is important to identify the major sources of technical variability and to estimate false positive rates, in order to define an appropriated experimental design [8, 20, 21] .
The literature referring to 2-DE is rich but only a few publications investigated technical variability. Most of them were focused on between-gels variability [4, 9, 15, 16, 37] . Some publications assessed the contribution of specific experimental steps, e.g., protein extraction [3] , IEF and SDS-PAGE [11] , staining procedures [24] or image analysis [43] . A few publications compared image analysis softwares [44, 46] or post-experimental variability, software-dependent and/or operator-dependent [27] . When several sources of variability were examined, the authors focused on variability between-gels and betweenextracts [41] , between-extracts and between-assays [28] , or between-gels and between-operators/laboratory equipment [38] . However, none of these studies evaluated the respective importance of all potential sources of technical variability along the process.
Therefore, the present study aimed at evaluating them using a soybean seed protein extracts, the sources of variability inherent to the 2-DE technique: between-gels variability (variability between gel replicates, also called repeatability), between-extracts variability (inherent to protein extraction procedure), between-assays variability (variability of the whole experiment, also called reproducibility), and between-assays/operators variability. In particular, this study aimed at estimating the false positive rates in order to discriminate significant changes from the experimental background.
The evaluation was conducted on all detectable spots (corresponding to all detectable polypeptides) as well as on a subset of spots corresponding to the known endogenous soybean allergens. Two types of analyses were performed: a qualitative analysis, which referred to the presence or absence of spots, and a quantitative analysis, which referred to the optical intensity of spots. This variability evaluation is mandatory for describing potential differences in protein allergen levels between GM and non-GM soybean varieties when the 2-DE technique is used [12] .
Materials and methods

Study design
The study design is shown in Fig. 1 . A first experiment (assay A) was conducted to assess the between-extracts variability and between-gels variability. Two protein extracts were prepared from a unique soybean seed sample. For each extract, 2-DE was performed in quadruplet. Two other experiments (assays B and C), performed at two different periods by a second operator, were set up to assess between-assays variability (assay B versus assay C) and the potential variability induced by the operator (assay A versus assay B).
Reagents and chemicals
Reagents and chemicals were mainly from Sigma-Aldrich (St Quentin Fallavier, France). Precast IPG ReadyStrips TM (pH 5-8, 17 cm) were purchased from Bio-Rad (Marnes-la-Coquette, France).
Sample preparation
Mature soybean seeds (non-transgenic Glycine max, Bayer CropScience, Research Triangle Park, USA) were grounded in liquid nitrogen using a mortar and a pestle. Frozen soybean seed powder was homogenized with an Ultraturax in urea/thiourea buffer (7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS) (w/v), 0.24% Triton X100 (v/v)), supplemented with 20 mM spermine, and 50 mM dithiothreitol [14] . After incubating for 1 h at room temperature, 100 mM iodoacetamide was added to sample, and the mixture was incubated for a further 3 h at room temperature in the dark. After centrifugation (15,000 rpm for 30 min at 20 • C), supernatant was removed, aliquoted and kept frozen at −80 • C until used. Protein concentration was determined by the modified Bradford protein assay [34] using bovine serum albumin as the standard. The protein sample and bovine serum albumin were diluted in urea/thiourea buffer.
Two-dimensional gel electrophoresis technique
Precast IPG ReadyStrips TM were rehydrated with 330 l urea/thiourea buffer supplemented with 100 mM 2-hydroxyethyl disulfide (Acros Organics, Geel, Belgium) [33] and 0.001% bromophenol blue as a tracking dye (9 h of passive rehydration at 20 • C). Using a cup-loading system (Bio-Rad), 600 g of total soybean seed protein in 75 l urea/thiourea buffer supplemented with 100 mM 2-hydroxyethyl disulfide, were loaded onto IPG strips. The polypeptides were focused successively for 15 min at 250 V, followed by a slow voltage ramping to 10,000 V (15 h), and focusing was continued at 10,000 V up to 300,000 V h. IEF ) containing 65 mM dithiothreitol. A second equilibration step was carried out for 40 min under the same conditions, except that dithiothreitol was replaced by 135 mM iodoacetamide and 0.001% bromophenol blue was added as a tracking dye. Equilibrated strips were then loaded onto homemade 12.5% SDS-polyacrylamide gels, with 4% SDS-polyacrylamide gels on top as a stacking gel (2 cm). IPG strips were sealed with 1% low melting point agarose to ensure good contact between the IPG strips and the gel. SDS-PAGE was carried out using the Ettan TM Daltsix Electrophoresis Unit (Amersham, Orsay, France) connected to a PowerPac 1000 Power Supply (Bio-Rad). The electrophoresis was performed at approximately 10 • C with Tris-glycine buffer (25 mM trizma base, 192 mM glycine, 0.1% SDS) at a constant power of 5 watts per gel for 30 min followed by 12.5 W per gel until the tracking dye reached the bottom of the gel. Gels were then stained with colloidal Coomassie blue stain as recommended by the manufacturer (SafeStain, Invitrogen, Cergy Pontoise, France).
Image acquisition and analysis
Gels were digitalized using the GS-800 TM calibrated densitometer (Bio-Rad), high-resolution scanner. Scanned images of 2-DE gels were analyzed with the PDQuest image analysis system (version 7.2, Bio-Rad). Briefly, after automatic spot detection allowing the detection of the majority of protein spots, images were edited manually, e.g., adding, splitting and removing spots. To compare spots across gels in each assay, a match set was obtained with images from all gels. Among them, one gel was selected as the master gel (based on gel and spot quality), against which all other gels were matched. Spots, present in a match set member but absent in the master gel, were manually added to the master gel. Automatic matching of spots on each gel was then performed. Spots matching across all gels were manually verified. For each match set, each gel was normalized to minimize the variability due to slight variation in protein load per gel, staining efficiency or image capture. This normalization was obtained by dividing the raw intensity of each spot in a gel by the total intensity of all spots in that gel that have been included in the master gel. Data were exported to Excel (Microsoft) and from there to the statistical package Statistical Analysis System (Version 8.2, SAS Institute Inc., Cary, NC, USA). All analyses were performed on normalized quantities.
Analyses were conducted independently on all the proteins of the gels and on a subset of 20 spots corresponding to known soybean food allergens, present in the publicly available, peer-reviewed allergen database Allergenonline compiled by the Food Allergy Research and Resource Program (FARRP) (www.allergenonline.org). The identity of the spots was confirmed by mass spectrometry [36] . These spots are shown in Fig. 2 . 
Results and discussion
Between-gels variability
Between-gels variability refers to the comparison between 4 replicate gels of the same extract as described in Fig. 1 extract 1 versus extract 2, in assay A.
Qualitative variability
The total number of spots detected on each gel ranged from 645 to 672 in extract 1 and from 655 to 676 in the extract 2 (Table 1a) . A spot was considered to be reproducible when present in the 4 replicate gels. This criterion was very stringent for the qualitative assessment as recommended by Ruebelt et al. [37] to limit false positives or false negatives. The number of reproducible spots was 623 for extract 1 and 642 for extract 2. These numbers represented 91.6% and 94.4%, respectively, of the total of spots detected on any gels.
The spots that were not reproducible (8.4% for extract 1 and 5.6% for extract 2) were due to intensities close to the limit of detection, explaining they were not detected in all gels. These undetected spots represent missing values for the quantitative assessment. These missing values can reduce the statistical power.
Although very stringent criteria used, the results showed a low variability. Being more flexible in the definition of reproducible spots would have improved the matching percentages, i.e. when considering the spots matched in 3 out of 4 gels, the percentage of reproducible spots would have increased from 91.6% to 94.1% and from 94.4% to 97.2%, for extracts 1 and 2 respectively (results not presented). This increase was in line with results of Choe and Lee [9] who observed a total number of matched spots present in either 2 (815 spots), 3 (793 spots) or 4 (771 spots) out of 4 gels. In addition, the more replicate gels were used, the less percentage of matching spots was recorded, which limits the statistical benefits of having a large number of replicates [10, 43] . In summary, the experimental design has to include a sufficient number of replicate 2-DE gels. Three or four replicates were often sufficient to take into account the variability and to provide the best results [6, 16] .
Quantitative variability
Between-gels variability was assessed using spots matching to all 4 replicate gels (623 or 642 spots in extracts 1 or 2 respectively). Mean coefficient of variation (CV = standard deviation/mean × 100) was calculated per spot. Mean CV of all spots ranged from 35.2% (extract 2) Number of reproducible spots in assay A. [37] and, 32% [25] . Nevertheless, Zhan and Desiderio [46] reported mean CV of 35.7%, which was comparable to the results generated in this study.
Between-extract variability
Between-extract variability refers to the comparison between extracts prepared in parallel as described in Fig. 1 (extract 1 versus extract 2 in assay A).
Qualitative variability
The number of reproducible spots (spots present in the 8 replicate gels of both extracts) is reported in Table 2a . A total of 609 spots were present in both extracts. In addition, 47 spots were present only in one extract. These 47 spots represent false positives, i.e., spots that could be interpreted as different in a study where the two extracts would represent two experimental conditions (e.g., GM crop versus non-GM counterpart, or different locations of growth). These 47 spots trigger a false positive rate of 7.2% of the total of spots.
Quantitative variability
Mean intensity of each spot was calculated from the 4 replicate gels of each extract. For each spot, the ratio mean intensity in extract 1/mean intensity in extract 2 was calculated. To compare the ratio of mean intensities of each spot between extracts, one of these 2 ranges of ratio [0.8-1.2[or [0.5-2.0[was used. If the ratio was within either one of these ranges, the intensity of the spot was considered homogenous between both extracts. If the ratio was out of either one of these ranges, the intensity of the spot was considered to be non-homogeneous.
When the range [0.8-1.2[was used, 292 spots out of 609 were non-homogenous (Table 2b ). This meant that for 292 spots, the mean intensity in one extract was at least 1.2-fold higher than in the other extract. These 292 spots represented false positives, with a false positive rate of 47.9% of the total of spots. As this rate was considered unacceptably high, the same approach was used with the range [0.5-2.0[. In this case, only 33 spots out of 609 were non-homogenous (Table 2b) . Therefore, for 33 spots, the mean intensity in one extract was at least 2-fold higher than in the other extract. These 33 spots represented a false positive rate of 5.4% of the total of spots. This less stringent cut-off range of [0.5-2.0[, which defined homogenous intensities was in line with other publications [4, 46] . For example, Zhan and Desiderio [46] found that the mean ratio between two sets of gels, loaded similarly, ranged between 2.35 and 2.48 for the matched spots. Therefore, the quantitative evaluation of false positive rates showed that the 2-DE technique could detect a 2-fold change between two samples with an acceptable rate of false positives, but had a limited sensitivity for detecting a 1.2-fold change. Depending on the nature of samples and the goal of experiment, this can be a limitation of the 2-DE technique. However, this level of sensitivity must also be regarded in the context of biological variability of proteins in crops. Biological variability can be caused by crop variety (genetic background and/or genetic modification), growing conditions (e.g. latitude, weather conditions, diseases, soil, and exposure to sun) and/or maturity stage. For example, by comparing the profiles of the two transgenic lines of maize grown in the same location, Barros et al. [2] found a distinct separation between the three growing seasons. A highnumber of data suggested that biological variability of proteins in crops was high. In potato, differences were found among genotypes with 1077 of 1111 protein spots analyzed showing statistical significant differences [23] . In maize, median differences of 5-6-fold, and up to 55-fold, were observed among genotypes and growing locations [1] . In Arabidopsis thaliana, 95% of the spots present in all geographic variants (ecotypes) varied in spot quantity from 2-to 53-fold [37] . These data suggested that the biological variability was higher than the technical variability of 2-DE.
Between-assays variability
Between-assays variability refers to the comparison between two extracts prepared at different days as descripted in Fig. 1 (Extract 1 in assay B versus extract 1 in assay C).
Qualitative variability
A total of 623 spots were present in both assay B and assay C. In addition, 52 spots were present only in one assay (Table 3a) . These 52 spots represented false positives, with a false positive rate of 7.7% of the total of spots. This false positive rate was very similar to that of the between-extract variability (7.2%).
Quantitative variability
When the range of ratio [0.8-1.2[was used, 308 spots out of 623 were non-homogenous (Table 3b ). This meant that for 308 spots, the mean intensity in one extract was at least 1.2-fold higher than in the other extract. These 308 spots represented a false positive rate of 49.4% of the total of spots. As this rate was considered unacceptably high, the same approach was used with the range [0.5-2.0[. In this case, only 38 spots out of 623 were non-homogenous (Table 3b ). This meant that for 38 spots, the mean intensity in one extract was at least 2-fold higher than in the other extracts. These 38 spots represented a false positive rate of 6.1% of the total of spots. These false positive rates were very similar to those of the between-extracts variability.
Estimations of false positive rates were similar for between-extracts and between-assays; the variability of the number of reproducible spots and their quantities was not higher between assays than within assay. In other words, two assays conducted during different days did not Number of reproducible spots in assay A.
Table 2b
Quantitative between-extracts variability for all polypeptides. Number of spots in assay A.
Table 3a
Qualitative between-assays variability for all polypeptides. introduce more variability than if they were conducted during the same day. This has practical consequences, as it indicates that an experiment combining several different assays can be split over several days if needed.
Between-assays/operators variability
Between-assays/operators variability refers to the comparison between two extracts prepared at different days by different operators (extract 1 in assay A versus extract 1 in assay B) (Fig. 1) . This comparison gives the opportunity to assess between-assay/operator variability but without knowing the relative contribution of each factor.
Qualitative variability
A total of 616 spots were present in both assays. In addition, 63 spots were present only in one assay (Table 4a) . These 63 spots represented false positives, with a false positive rate of 9.3% of the total of spots. Therefore, this false positive rate was very similar to that of the between-assays variability (7.7%).
Quantitative variability
When the range of ratio [0.8-1.2[was used, 294 spots out of 616 were non-homogenous (Table 4b ). This meant that for 294 spots, the mean intensity in one extract was at least 1.2-fold higher than in the other extract. These 294 spots represented a false positive rate of 47.7% of the total of spots. As this rate was considered unacceptably high, the same approach was used with the range [0.5-2.0[. In this case, only 41 spots out of 616 were non-homogenous (Table 4b ). This meant that for 41 spots, the mean intensity in one extract was at least 2-fold higher than in the other extract. These 41 spots represented a false positive rate of 6.7% of the total of spots. These false positive rates were very similar to those of the between-assays variability.
Between-assay/operator false positive estimations were comparable to between-extract and between-assay false positive rate values showing that the variable "operator" did not contribute to strongly increase the technical variability. These results were not consistent with several publications that showed that the operator variable was the major source of variability in 2-DE [22, 39] . However, they also showed that the proper training of operators had a major impact on variability. Some authors [7, 26] showed that involving an untrained operator in 2-DE resulted in a lack of reproducibility. Similarly, Schröder et al. [39] compared gels prepared from the same sample by trained and untrained operators. The variability of low intensity spots in gels generated by the untrained operator was always significantly higher. In our study, a standardized training of both operators and the use of precise standard operating procedures (Good Laboratory Practices environment) might explain that the operator was not a major source of variability.
Specific analysis of soybean allergens
Between-gels variability
After having compared all spots, the experiment focused on spots which typically represented soybean food allergens. Out of 20 spots corresponding to known allergens, 19 or 20 were detected in each gel from either extract 1 or extract 2. Therefore, the number of reproducible spots used was 19 for each extract. Quantitatively, the mean CV of intensity of these 19 spots ranged from 40.5% (extract 2) to 51.3% (extract 1) ( Table 5 ).
Between-extracts variability
Nineteen out of 20 spots were reproducibly present in the eight gels from extracts 1 and 2 (Table 6) . Quantitative analysis showed that, when using the range of ratio [0.8-1.2[, 8 spots out of 19 were non-homogenous (Table 6 ). These 8 spots represented a false positive rate of 42.1% of the allergen spots, for which the mean intensity in one extract was at least 1.2-fold higher than in the other extract. Using the range [0.5-2.0[, no spots were nonhomogenous, meaning that the rate of false positive was 0% (Table 6 ).
Between-assay variability
All allergen spots (20 in total) were detected in the eight gels of both assays B and C. When using the range of ratio of [0.8-1.2[, 10 spots out of 20 were non-homogenous (Table 7) . These 10 spots represented a false positive rate of 50.0% of the allergen spots, for which the mean intensity in one extract was at least 1.2-fold higher than in the other extract. Using the range [0.5-2.0[, no spots were nonhomogenous, i.e. no false positives (Table 7) .
Between-assays/operators variability
Nineteen out of 20 allergen spots were reproducibly present in the 8 gels of both assays A and B. Quantitatively, when using the range of ratio [0.8-1.2[, 8 spots out of 19 were non-homogenous (Table 8 ). These 8 spots represented a false positive rate of 42.1% of the allergen spots, for which the mean intensity in one extract was at least 1.2-fold higher than in the other extract. Using the range [0.5-2.0[, one spot was non-homogenous and the false positive rate was 5.2% (Table 8) .
Conclusion
Overall the results obtained with all detectable allergen spots (20 spots) were comparable to the results obtained with all detectable polypeptide spots, as expected. In addition, the results showed that the 2-DE technique could detect a 2-fold change between two samples with an acceptable rate of false positives. This level of sensitivity had to be put in perspective with the biological variability data on soybean food allergens. A number of scientific publications investigated qualitatively the biological variability of allergens [31, 30, 29] . However, few data were available on the magnitude of biological variability of soybean allergens. Houston et al. [19] showed that out of 13 polypeptides, corresponding to soybean food allergens, 4 showed at least a 2-fold change in abundance (and up to 7-fold) among 20 soybean varieties. In addition, Yaklich et al. [45] showed that in 18 commercial lines of soybean, the content of ␤-conglycinin and glycin subunits could be found statistically different, with a difference ranging from 47% to 157%. Overall, these data strongly suggested that the biological variability of soybean food allergens was higher than the technical variability of 2-DE observed in this study. So this 2-DE technique and laboratory procedures are suitable for assessing the soybean food allergen content and compare several soybean varieties, including GM soybean and its non-GM counterpart.
General conclusion
Based on this study design, the major source of variability inherent to the 2-DE technique was the number of gel replicates. In comparison, other sources of variability (extracts, assay timings, and operators) were low. This has a direct practical impact on the laboratory work as this supports the utilization of three or four replicates when comparing several experimental conditions. Furthermore, this implies that the study can be run over several days, and be performed by several trained operators, without impacting its reproducibility.
In addition, this study assessed the false positive rates, which helped to characterize the sources of variability in order to better control them in the future studies. The 2-DE technique could detect a 2-fold change between two samples with an acceptable rate of false positives (below 7%). This level of sensitivity is acceptable in the context of safety assessment of GM soybean as the biological variability of proteins in soybean, which can be due to crop variety (genetic background), growing conditions (e.g. latitude, weather conditions, diseases, soil, exposure to sun) and/or maturity stage, is higher than the technical variability shown in this study. Therefore, the 2-DE technique is suitable for detecting biologically significant differences in protein expression levels in different soybean varieties, including the GM and its non-GM counterpart.
Overall, the 2-DE technique is suitable for investigating endogenous food allergen variability between several soybean seeds, including GM and non-GM counterpart.
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